Hepatocellular carcinoma (HCC) is the most common primary liver cancer. Imaging is important for establishing a diagnosis of HCC. Several imaging modalities including ultrasonography (US), computed tomography (CT), magnetic resonance imaging (MRI), positron emission tomography (PET) and angiography are used in evaluating patients with chronic liver disease and suspected HCC. CT, MRI and contrast-enhanced US have replaced biopsy for diagnosis of HCC. Dynamic multiphase contrast-enhanced CT or MRI is the current standard for imaging diagnosis of HCC. Functional imaging techniques such as perfusion CT and diffusion-weighted MRI provide additional information about tumor angiogenesis that may be useful for treatment. Techniques evaluating tissue mechanical properties such as magnetic resonance elastography, and acoustic radiation force impulse imaging are being explored for characterizing liver lesions. The role of PET in the evaluation of HCC is evolving with promise seen especially with the use of a hepatocyte-specific PET tracer. Imaging is also critical for assessment of treatment response and detection of recurrence following locoregional treatment. Knowledge of the post-treatment appearance of HCC is essential for correct interpretation. This review article provides an overview of the role of imaging in the diagnosis, staging and posttreatment follow-up of HCC.
Introduction
Hepatocellular carcinoma (HCC) ranks sixth in cancer incidence and third in cancer mortality worldwide [1] . It is the most common primary liver cancer with nearly threequarters of cases in the world occurring in Asia secondary to the high prevalence of chronic viral hepatitis [2] . Early diagnosis of HCC is important as several potentially curative treatment options are available that can then lead to an improved outcome. The early diagnosis of HCC hinges on its detection and diagnosis in accordance with the guidelines by the European Association for the Study of Liver Disease (EASL) [3] , American Association for the Study of Liver Diseases (AASLD) [4] , Asia-Pacific Association Study of the Liver (APASL) [2] , EASL-EORTC Clinical Practice Guidelines [5] and the updated AASLD guidelines [6] . Imaging tests are favored for surveillance and diagnosis of HCC. Currently ultrasonography (US) is the recommended screening modality for periodic surveillance for HCC in at-risk patients. Dynamic and multiphase contrast-enhanced computed tomography (CT) and magnetic resonance imaging (MRI) are the standard diagnostic tests for HCC. Although the diagnosis of an HCC nodule 42 cm has acceptable accuracy, limitations in the detection and diagnosis of small HCCs still exist. Several advances and new imaging techniques are being explored for improved detection; characterization and staging of HCCs. Advances in CT include dual-energy CT (DECT) and perfusion CT (PCT). Faster MRI scanning, improved diffusion-weighted imaging (DWI) and hepatocyte-specific MR contrast agents are currently being explored. Emerging newer technologies such as MR elastography (MRE) and acoustic radiation force impulse imaging (ARFI) are promising for characterization of nodules in the liver. Positron emission tomography (PET) with specific tracers may prove useful for staging of HCCs. Although liver transplantation and surgery are considered curative treatments for HCCs, more frequently and especially involving small HCCs, locoregional methods such as radiofrequency ablation (RFA) and ethanol ablation are now used. More advanced tumors may be treated with transarterial chemoembolization (TACE) and transarterial radioembolization (TARE). HCCs following locoregional treatment (LRT) can have variable appearances on CT and MRI and knowledge of post-treatment appearance is important for assessment of outcome and detection of residual or recurrent HCCs as there are no other reliable markers. Imaging therefore plays a crucial role in detection, diagnosis, staging and post-treatment follow-up of HCCs. This review presents an overview of the current status and advances in imaging diagnosis, staging and assessment of treatment response in HCC.
Epidemiology
HCC is associated with chronic liver disease and cirrhosis regardless of the etiology. Only about 10% of HCCs develop in non-cirrhotic livers [7] . There is a growing incidence of HCC worldwide [5] . A major risk factor is chronic infection with hepatitis B virus (HBV) or hepatitis C virus (HCV) [8] . Chronic HBV infection is a leading cause of HCC in most Asian and African countries and HCV predominates in some southern European countries [2] . Coinfection with HBV and HCV may have a synergistic effect on HCC development [8] . Aside from chronic infection, there are important lifestyle factors that contribute to the development of HCC, namely, excess alcohol consumption, obesity, diabetes and intake of aflatoxin-contaminated foods [9] . Alcohol intake increases the risk of HCC primarily through the development of cirrhosis. The principal route wherein obesity increases risk involves the association between obesity and non-alcoholic fatty liver disease (NAFLD) [10] . Insulin resistance and the resulting inflammatory cascade along with the development of nonalcoholic steatohepatitis (NASH) appear to facilitate the development of HCC [11] . Another significant lifestyle risk factor for hepatocarcinogenesis is the contamination of foodstuff with aflatoxin B1, which is produced by the fungus Aspergillus flavus and A. parasiticus [12] . Cigarette smoking is considered a co-factor in the pathogenesis of HCC [13] . The incidence of HCC also increases with HIV infection [14] . Finally, genetic conditions such as hemochromatosis, alpha1-antitrypsin deficiency and glycogen storage disease type 1 are associated with a high risk of HCC, most often in the setting of cirrhosis [15] .
Surveillance for HCC
The most recent guidelines [26] recommend US for surveillance of HCC at screening intervals of 6 months.
US has a sensitivity of 5889% and specificity greater than 90% [16, 17] . US is performed in populations at risk such as cirrhotic patients, non-cirrhotic HBV carriers with active hepatitis or a family history of HCC, noncirrhotic patients with chronic hepatitis C or advanced liver fibrosis. Tumor markers may be used in conjunction with US, however the sensitivity of serum alpha-fetoprotein (AFP) is low and results in additional detection of only 68% of cases with high false-positive results thereby increasing the cost of surveillance [1719] . The recent update in the AASLD guidelines therefore does not recommend serum AFP levels for surveillance and diagnosis [6] . Small nodules less than 1 cm detected on US should be followed every 34 months in the first year and every 6 months thereafter [5] . AASLD guidelines [6] recommend a single diagnostic imaging test for HCC nodules 41 cm in cirrhotic patients, whereas the EASL-EORTC guidelines suggest a single diagnostic imaging test for nodules 42 cm and 2 diagnostic tests and/or biopsy for nodules between 1 and 2 cm for characterization. Some investigators have proposed the use of CT and MRI for HCC screening purposes as an alternative to US due to the difficultly with use in obese individuals and those with advanced cirrhosis [20] . However, these modalities are not cost effective and there is the risk of cumulative radiation exposure from multiple CT scans [21] . Hence, US is typically used as a surveillance tool for HCC detection in cirrhotic livers and CT or MRI for further evaluation if a nodule 41 cm is detected.
Diagnosis of HCC
Histological diagnosis of HCC is rarely required nowadays as non-invasive methods are preferred. HCC can be diagnosed in cirrhotic patients non-invasively on the basis of radiologic findings if imaging characteristics are present [22] . CT, MRI and contrast-enhanced US (CEUS) are widely available and have largely replaced biopsy and conventional angiography for diagnosis of HCC. The diagnosis is based on the qualitative or visual appreciation of differences in attenuation on CT, echogenicity on CEUS and signal intensities on MRI of the HCC with respect to surrounding liver parenchyma. The imaging diagnosis of HCC can be done where state of the art CT and MRI machines are available with expertise in interpretation. Also, the diagnosis should be made on a dynamic multiphasic contrast-enhanced study on a multidetector row CT (MDCT) or MRI. The presence of arterial enhancement of a nodule 2 cm or more in size with subsequent washout on portal or delayed phases (Figs. 1, 2 ) are considered to be the definitive imaging features of HCC and recommended in the guidelines by various associations for liver studies [2, 4, 23] . The washout refers to the hypodense or hypointense appearance of the HCC compared with that of the surrounding liver parenchyma. The cut-off size is 2 cm as pathology studies
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have shown that the risk of microscopic vascular invasion and satellite nodules significantly increases when the tumor size exceeds 2 cm and has the characteristic arterial blood supply [24] . Recent AASLD guidelines [6] proposed that a single modality CT or MRI is sufficient when radiologic hallmark features are present in a nodule 41 cm. A second modality is needed when atypical features are present. Biopsy is performed if the nodule does not show typical features on 2 imaging techniques. However, EASL-EORTC guidelines [5] consider a 12 cm nodule still problematic when atypical features are present and recommend histologic diagnosis. It is also recommended to have 2 techniques when the settings are suboptimal and expertise is not available. The role of CEUS in the diagnosis of HCC is still controversial and is not recommended due to low specificity [25] . Frequently, 12 cm nodules do not show typical features of HCC [26] and biopsy is required to establish the diagnosis and institute early treatment. The typical features may be present in only 2662% of 12 cm HCCs using CEUS, CT or MRI alone [23, 27, 28] . A non-negligible number of HCCs can be hypovascular and thereby lead to a false-negative diagnosis using the imaging criteria [26] . Therefore, it may be useful to investigate atypical or hypovascular nodules 41 cm further with another imaging technique or subject them to biopsy in order to rule out HCC. Nodules 51 cm have a low likelihood of being HCC and given the difficulty in obtaining a biopsy and limitations in the interpretation of these nodules by a pathologist, it is recommended that they are closely followed up using US until they grow to 1 cm or show atypical features making them eligible for further investigation [4, 23] .
CT in HCC
Classic HCC shows arterial phase enhancement followed by a washout in the portal and/or delayed phase with a pseudocapsule around the nodule (Fig. 1) . The other typical imaging features include internal mosaic pattern (Fig. 3) , presence of fat (Fig. 4) , vascular invasion ( Fig. 5 ) and interval growth of 50% or more on serial images obtained less than 6 months apart [29] . On unenhanced images, the appearance of HCC is variable and depends on the surrounding liver parenchyma and etiology of chronic liver disease. Most often, HCCs appear hypodense or isodense (Fig. 1) to the liver on unenhanced images but may appear hyperdense when they develop in a background of fatty liver. Portal vein tumor thrombosis (PVTT) is a well-known complication of HCC, the presence of which modifies typical imaging features (Figs. 5, 6 ). It is important to recognize these altered appearances for the purposes of accurate diagnosis and subsequent therapy. When HCC invades a portal vein or its branches, it continues to receive blood supply from the hepatic artery and may drain directly into the portal vein. This direct draining results in arterioportal shunting and changes in portal vein hemodynamics. Large HCCs with PVTT less often demonstrate the typical arterial phase hypervascularity and subsequent washout diagnostic of HCC. Instead, the PVTT itself can show arterial phase enhancement and subsequent washout ( Fig. 6 ) with distension of the vein [30] . The portal vein demonstrates a cast of vessels, which represents neovascularity of the PVTT. The arterioportal shunting may also result in poor enhancement of the surrounding liver parenchyma.
Advances in CT
The introduction of MDCT has increased both the spatial and temporal resolution of CT making it possible to precisely evaluate the hemodynamics of liver tumors and liver parenchyma. Dynamic MDCT with high spatial and temporal resolution may be useful for reconstruction of three-dimensional images or even four-dimensional imaging, which is particularly advantageous for pretreatment evaluation of LRT. Some studies have shown that quadruple phase CT or double arterial phase (early arterial phase and late arterial phase) CT may improve the sensitivity of detection of HCC and result in fewer falsepositive lesions than any one phase alone [31, 32] . The additional radiation dose needs to be considered when performing quadruple phase CT and studies have shown that late arterial phase CT is superior and adequate, with no significant benefit of an early arterial phase [33, 34] .
Perfusion CT
Perfusion CT (PCT) enables detailed analysis of liver hemodynamics and quantitative information about tumor-related angiogenesis. PCT is performed by the acquisition of serial images after the administration of a bolus of iodinated contrast agent. Perfusion CT can measure tissue perfusion parameters quantitatively and can assess segmental hepatic function. PCT can also provide quantitative information about arterial perfusion in early HCCs and the perfusion parameters are significantly different in HCC tissue compared with surrounding liver parenchyma [35, 36] . Analysis of the microcirculation by perfusion CT may be useful in the evaluation of response to therapy, especially tumor response to anti-angiogenic drugs [37, 38] . Liver PCT has generally been performed for a single slice through the liver; however, high temporal resolution of volume helical shuttle (VHS) scanning enables whole liver perfusion imaging with multiple sections [39] . VHS may be useful as a navigation tool for therapy such as transarterial chemoembolization. However, the limitations of PCT include increased radiation and lower resolution, which may be possible to overcome with low-dose CT protocols.
Dual-energy CT
Dual-energy CT enables differentiation of materials and tissues based on their CT density values, using 2 different energy spectra. This method includes a low tube voltage CT technique that increases the contrast enhancement of vascular structures while simultaneously reducing radiation dose. Monochromatic CT images at 80 kVp may show a higher contrast-to-noise ratio for hypervascular HCCs and potentially improve the assessment and detection of hypervascular liver tumors [39] . CT image quality is strongly proportional to radiation dose. Several parameters such as milli-amperage (mA), exposure time, peak kilovoltage (kVp) and pitch need to be adjusted based on the relation between benefit and risk to the patient. Currently there are no large studies demonstrating benefit of dual-energy CT over conventional MDCT.
MRI of HCC
HCCs can have a variable appearance on MRI. Most HCCs are mildly hyperintense (Fig. 2) or isointense compared with surrounding liver on T2-weighted images [40, 41] . However, T2-weighted imaging alone does not have sufficient accuracy to characterize HCCs. HCCs are variable on T1-weighted images but mostly hypointense. HCCs smaller than 1.5 cm tend to be isointense [40] . T1 hyperintensity has been attributed to the degree of tumoral differentiation, the presence of copper, iron or glycogen deposition and the presence of intratumoral lipid [40, 42] . Lipid can be diffusely distributed or seen as focal accumulations. In-phase and opposed phase images can show microscopic fat components within HCCs (Fig. 4) with fat-containing areas showing signal drop out [43] . The heterogeneity or mosaic appearance of the large HCCs may be better seen on MRI (Fig. 4 ) compared with MDCT due to better soft tissue contrast. The diagnosis of HCCs with MRI is based mainly on the enhancement pattern on dynamic post gadolinium-enhanced scans as the signal intensity of unenhanced images is not characteristic and overlaps with other focal lesions.
Hepatocyte-specific contrast imaging
Newer contrast agents that specifically target hepatic cells have been introduced to improve the diagnosis of HCC. Superparamagnetic iron oxide (SPIO) particles are taken up by Kupffer cells of the reticuloendothelial system and they enhance with T2 and T2* relaxation leading to marked reduction in signal intensity of the liver tissue particularly on T2-weighted images [44] . Kupffer cells are rarely present in HCCs, therefore, the tumor shows little or no uptake of SPIO and appears hyperintense to normal liver (Fig. 7) .
SPIO-enhanced MR images improve the non-invasive diagnosis of HCCs compared with dynamic CT and MRI used alone [45] . Combining SPIO-enhanced MR with dynamic MRI has been shown to significantly improve detection of HCCs, particularly small HCCs in transplantation candidates [46] . The use of SPIO is limited as it is not a US Food and Drug Administration-approved contrast agent, is not available worldwide and its use is complex, adding to the cost and duration of the MRI study.
Gadoxetate dimeglumine (Gd-EOB-DTPA, Primovist Õ in Europe and Eovist Õ in the United States, Bayer HealthCare; and gadobenate dimeglumine (Gd-BOPTA, Multihance Õ , Bracco, Milan, Italy) are 2 hepatocyte-specific contrast agents available for clinical studies. Both contrast agents can be injected as an intravenous bolus that can provide information on vascularity and then information about hepatocyte function at 20 min (Gd-EOB-DTPA) or 460 min (Gd-BOPTA) after injection. With Gd-EOB-DTPA, approximately 50% of the drug is transported through normal hepatocytes and excreted into the bile compared with only 5% of Gd-BOPTA. Furthermore, only a small dose of Gd-EOB-DTPA (0.025 mmol/kg) is required compared with 0.1 mmol/ kg for Gd-BOPTA. Gd-EOB-DTPA therefore has significant advantages in terms of safety, timing of examination and potentially better contrast. In the case of HCC, Gd-EOB-DTPA-enhanced MR images show early uptake in the arterial phase, washout patterns at the equilibrium phase and lower signal intensity in the hepatobiliary phase (Fig. 8 ) [47] . Gd-EOB-DTPA-enhanced MR imaging is useful for differentiating small HCCs from focal Imaging of hepatocellular carcinoma 535 nodular hyperplasia, regenerative nodules and vascular pseudolesions [4851] . Gd-EOB-DTPA has been shown to be beneficial compared with MDCT and unenhanced MRI especially for detection of smaller lesions or of HCCs in underlying cirrhotic liver [52] . However, 510%
of HCCs are iso-or hyperintense to liver in the hepatocyte phase [53, 54] , therefore the images need to be interpreted with caution especially when dynamic images are not characteristic for HCCs. Hepatocyte-specific contrast agents in MRI are useful in the characterization of small hypovascular or atypical lesions, especially well-differentiated HCCs [55] .
Diffusion-weighted MR imaging
Diffusion-weighted imaging (DWI) offers insight into the molecular water composition and degree of tumor viability at the cellular level. Viable tumors are highly cellular and have intact cell membranes, thus restricting the motion of water molecules resulting in hyperintensity on DWI and reduction in the apparent diffusion coefficient (ADC) [56] . DWI is particularly useful in initial screening of the liver as nearly 7095% of HCCs can appear hyperintense [5759] (Figs. 2, 8 ) particularly using low b values. However, DWI may not be suitable for evaluating lesions near the dome of the liver secondary to magnetic susceptibility effects related to air in the lungs [60] . DWI has a very high sensitivity for detection of nodules (Fig. 8) , however ADC values used for characterization are not specific for differentiating HCC from dysplastic nodules as well as other malignant and benign lesions in the liver. Different ADC cutoffs have been reported with variable sensitivity of 74100% and specificity of 77100% [61] . DWI, although not reliable in the differentiation of small nodules in cirrhotic liver may help increase the diagnostic performance of readers [62] and provide additional information to differentiate HCCs from dysplastic nodules [63] . However, DWI is usually outperformed by contrast-enhanced MRI [64] for the detection and characterization of HCC. Xu et al. [65] found that the combined use of DWI with conventional dynamic contrast-enhanced MRI provided higher sensitivities than conventional dynamic contrast-enhanced MRI alone in the recognition of small HCC lesions (51 cm) with a detection rate of up to 96% for the combined and 68% for the conventional technique. Recently researchers have introduced an intra-voxel incoherent motion (IVIM) model imaging, which can derive diffusion and perfusion parameters from DWI [66] and may be useful in the characterization and differentiation of focal liver lesions. Recently, Piana et al. [58] proposed new MR imaging criteria including DWI with contrast-enhanced MRI to improve the diagnosis of HCC in chronic liver diseases. However, there is no consensus among researchers and institutions on the technique of DWI and the strength of diffusion (b value) to use, which hinders comparison of experience across institutions.
MR elastography
MR elastography (MRE) is an emerging non-invasive method for measuring the viscoelastic properties of tissues. Several studies have shown that hepatic fibrosis increases the elasticity or stiffness of the liver, which can be detected and staged by this technique [67, 68] . MRE has shown potential in the differentiation of malignant solid tumors from benign tumors. Malignant liver tumors including HCC (Fig. 9) show significantly greater mean shear stiffness than benign tumors, normal and fibrotic liver [69] . More studies are required to validate the possible application of MRE in the diagnosis and follow-up of HCC.
MR spectroscopy
The application of MR spectroscopy (MRS) to liver diseases is a recent development as a result of advances in imaging equipment that can now allow single voxel MRS in one breath hold. Although MRS is finding its application in the quantification of liver fat content, its use in characterization and diagnosis of liver tumors is still in its infancy and research in this direction is ongoing.
CEUS
CEUS utilizes microbubbles that are confined to the intravascular space as opposed to contrast agents in CT and MRI that are rapidly cleared from the blood pool into the extracellular space. The stabilized microbubbles containing either air or compressed gases are cleared in the lungs, which is useful in patients with renal failure or reduced renal function. With CEUS, the diagnosis of HCC is done using the same imaging criteria of arterial phase hypervascularity and portal or delayed phase washout. However, this pattern is seen only for a short time and comprehensive scanning of the entire liver is not possible [70] . Jang et al. [71] have shown that CEUS is sensitive to the detection of arterial hypervascularity ( Fig. 10 ) with up to 87% of all HCCs detected. The sensitivity of CEUS is less than 50% for small tumors [72, 73] . Further drawbacks include operator dependence, body habitus in obese patients and a limited field of view, which does not allow for imaging of the entire liver during a particular contrast phase [74] . CEUS imaging is better suited to a focused examination of a previously detected liver nodule as opposed to surveillance of the entire liver. Therefore, although US is routinely used as a screening tool for detection of HCC in cirrhotic livers, CEUS is more applicable for the characterization of a known lesion. In addition, CEUS may provide false-positive results in patients with cholangiocarcinoma [75] and is therefore not recommended as a diagnostic test in both AASLD and EASL-EORTC guidelines.
Ultrasound elastography and ARFI
Ultrasound elastography is a relatively new imaging technique that allows non-invasive estimation and imaging of tissue elasticity distribution within biological tissues using conventional real-time ultrasound with modified software [76] . Malignant tumors are stiffer than benign tumors and up to 100 times stiffer than normal soft tissue [77] . Gheorghe et al. [78] found that ultrasound elastography is a promising method for the non-invasive diagnosis of early HCC.
ARFI is a new ultrasound imaging modality for evaluation of tissue stiffness by radiation force-based imaging that is provided with conventional B-mode US [79] . A high ARFI value is associated with malignancy and low ARFI values with benign lesions. However, recent studies have shown conflicting results with regard to the usefulness of this technique for the characterization of HCC with high ARFI values occurring in benign as well as in malignant liver lesions [80, 81] . Kwon et al. [79] , however, have shown usefulness in this technique for the detection of recurred HCCs after radiofrequency ablation. The clinical utility of ARFI remains to be determined.
PET
PET using [ 18 F]fluorodeoxyglucose (FDG) can be useful in the detection of extrahepatic metastases that are not seen with CT or MRI, however, it has a low sensitivity for small and/or well-differentiated HCCs located within the liver secondary to the high background liver uptake of FDG [82] , with FDG-PET missing 3050% of HCC lesions [83] . PET also provides information regarding tissue perfusion, including that of the liver, but the spatial resolution is low [84] . Moderate to well-differentiated HCCs may sometimes show avid uptake of FDG Imaging of hepatocellular carcinoma 537 (Fig. 11) . The use of dual-isotope PET (FDG and  [ 11 C]acetate) may increase the sensitivity for HCC as well-differentiated tumors have a high avidity for acetate rather than glucose [85] . However, a large prospective study comparing [ 11 C]acetate and FDG-PET/CT concluded that both tracers as well as the 2 tracers used in combination still had low sensitivity for the detection of small primary HCCs [86] . A hepatocyte-specific PET tracer, 2-[
18 F]fluoro-2-deoxy-D-galactose (FDGal), which avidly accumulates in the liver compared with other tissues has shown promise in the detection of small intrahepatic HCC lesions that are poorly visualized by existing imaging methods [83] .
Other tests
Semi-invasive techniques such as hepatic angiography, angiography-assisted CT hepatic angiography (Fig. 12) or CT during arterial portography have fallen out of favor in most practice settings except in a few countries such as Japan [87] .
In addition to imaging techniques, early diagnosis of HCC can be made with biomarkers. The most commonly used serological marker is alpha-fetoprotein (AFP). However, sensitivity ranges from 25% for tumors 53 cm to 50% for lesions 43 cm in diameter [88] . Other serum biomarkers and a new generation of IgM immunocomplexes have been tried with significant diagnostic limitations. However, simultaneous detection of these markers in various combinations could improve sensitivity [88] . In addition, autoantibodies that have the ability to recognize the presence of abnormal tumor-associated antigens are promising biomarkers for the early detection of HCC [89] . The biomarkers for HCC do not have sufficient accuracy for routine clinical use.
Staging of HCC
Staging and treatment of HCC depends on assessment of tumor extension or spread. Dynamic contrast-enhanced, multiphasic MRI and MDCT are the most effective techniques for detection and staging. Bone scintigraphy can be used for evaluating bone metastases. A complete 
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work-up of HCC patients includes dynamic contrastenhanced CT or MRI, chest CT and bone scintigraphy. PET may be useful for staging the whole body and for resolving atypical features or doubtful metastases. Several staging systems are available and the Barcelona Clinic Liver Cancer (BCLC) classification is endorsed by the AASLD and EASL-EORTC guidelines. The BCLC classification [90] includes tumor status, liver function and health performance status along with treatment-dependent variables and has been validated. The tumor status is defined by the size of the main nodule and multicentricity (single 25 cm, 3 nodules 3 cm). CT and MRI play an important role in confirming the fact that tumors are solitary and remain single with no macrovascular involvement. Early stage tumors (BCLC stage A) have better survival with surgical resection, liver transplantation or local ablation in selected candidates. Intermediate HCCs (BCLC stage B) are usually treated with chemoembolization, and advanced HCCs receive chemotherapy.
Treatment options in HCC
Resection and liver transplantation have been the foundation of curative surgical treatment with the relatively recent advent of ablative techniques. Liver transplantation presents an opportunity to remove both the tumor and underlying chronic liver disease [91] , whereas resection may result in removal of vital functioning liver mass in an already compromised liver [92] . Image-guided percutaneous ablation therapies have been widely performed on patients with small HCCs. They are potentially curative, minimally invasive and easily redone in cases of recurrence [2] . HCCs exhibit strong neo-angiogenic activity during progression such that the tumor is mostly dependent on the hepatic artery for its blood supply [2] . This specific arterial vascular profile provides the basis for therapeutic local chemotherapy and hepatic artery occlusion of HCCs by TACE [93] . TACE can be used in patients with large/multifocal HCCs with no evidence of vascular invasion or extrahepatic spread and for down-staging tumors that exceed the criteria for transplantation [94] . Recently, embolic drug-eluting beads have been developed that provide an alternative to conventional lipiodol-based regimens. The beads loaded with chemotherapeutic agent result in a combined ischemic and cytotoxic effect locally and low systemic toxic exposure [95] . Transarterial radioembolization (TARE) is a form of brachytherapy in which intra-arterially injected yttrium 90 ( 90 Y) microspheres serve as sources of internal radiation [96] . TARE is usually reserved for advanced HCCs or multifocal HCCs and unsuitable for other local ablation therapies. TARE treatment has been successful in reducing tumor burden in some advanced cases.
As mentioned previously, PVTT is a well-known complication of HCC, the presence of which alters the treatment strategy. The degree of shunting and associated changes in portal flow dynamics can have direct consequences on LRT. If an arterioportal shunt is present, the embolic material may get diverted to other branches of the portal vein and hence to non-tumor-bearing portions of the liver. Liver failure may be precipitated secondary to reduced arterial flow with transarterial therapy as the portal vein is already obstructed or there is reversed flow. TARE with its microembolic properties has been favored for the treatment of HCC with PVTT. TACE can also be performed safely for palliative tumor control in patients with advanced HCC with portal vein thrombosis [97] .
Assessment of treatment outcome after LRT
An understanding of the post-treatment imaging features with various imaging modalities is vital for assessment of treatment response and decisions on future therapy. Initially, the Response Evaluation Criteria in Solid Tumours (RECIST) guidelines were proposed for measuring the treatment response according to tumor shrinkage. However, the conventional RECIST takes into account only the overall diameter of a nodule, which is usually misleading when applied to LRT of HCC as treatment-induced changes in tissue viability often do not result in corresponding changes in lesion size [98] . Hence, a modified RECIST (mRECIST) has been developed for evaluation of treatment response in HCC; only well-delineated arterially enhancing lesions can be selected as target lesions for mRECIST evaluation [98] . Follow-up imaging with multiphasic CT or MRI should be performed 13 months after treatment to establish the need for further treatment [74] . Contrast-enhanced CT is the most frequently used imaging modality secondary to its relative accessibility, robustness and ability to scan the chest and abdomen in one setting [99] . Tumor ablation results in an area of necrosis, which appears as an area of hypodensity (Fig. 13 ) that may exhibit a thin, uniform peripheral rim of contrast enhancement in the arterial and/or portal venous phases, which may represent reactive hyperemia or granulation tissue [2] . At MRI, necrosis after tumor ablation demonstrates low and high signal intensity on T2-and T1-weighted imaging (Fig. 14) , respectively, due to coagulation necrosis [99] . Hyperintensity on T1-weighted images may be due to hemorrhage or proteinaceous material within the ablated area [102] . The higher sensitivity of MRI over CT is mostly due to the T2-weighted images; complete ablation would result in hypointensity with viable tumor appearing hyperintense [100] . However, cystic necrosis of tumor may also demonstrate hyperintensity on T2-weighted imaging; therefore, in order to detect viable tumor, gadoliniumenhanced dynamic T1-weighted gradient recalled echo sequences are also used [99] . In contrast, areas of nodular or crescentric enhancing tissue in close proximity to the ablated lesion (Fig. 15 ) is suspicious of residual or recurrent HCC [74] . Also, peripheral enhancement that becomes hypodense in the equilibrium phase is more suspicious of residual or recurrent tumor [100] . Evaluation of the pretreatment scan could help to distinguish viable tumor as a side-by-side comparison could demonstrate whether the area of necrosis completely covers the tumor seen on pretreatment imaging [99] . Non-tumorous wedge-like enhancement can also occur at the periphery of an ablated lesion secondary to iatrogenic arteriovenous shunting [101] . TACE usually results in liquefaction necrosis and the tumor when adequately embolized shows no enhancement in follow-up imaging (Fig. 16) . When lipiodol is used in conjunction with TACE, follow-up imaging with MRI may be the preferred modality as the extremely radiodense lipiodol may interfere with CT evaluation of marginal enhancement in residual or recurrent tumor [74] . If subtraction techniques of unenhanced and contrastenhanced images are not available, side-by-side assessment of unenhanced and contrast-enhanced CT scans is the standard technique to detect viable tumor [99] . Focal washout of lipiodol during follow-up suggests the presence of viable tumor [100] . Both CT and MRI have advantages and disadvantages for evaluation of LRT efficacy, residual and recurrent disease. Several reports have demonstrated that dynamic MRI is more sensitive than CT for detection of lesions 52 cm [103105] . However, for the best possible comparability of images, serial post-treatment follow-up is ideally performed with the same modality used to assess the presence of the tumor before and after LRT [74] . Post TARE results in liquefaction necrosis (Fig. 17) in the initial few weeks of follow-up without any decrease in the size of the lesions. Follow-up imaging may show reduction in the size of the lesions.
LRT results in cellular necrosis, which then causes increased membranous permeability allowing free diffusion of water molecules and resulting in reduced DWI and a marked increase in the ADC value [56] . Kamel et al. [60] found that DWI can quantify tumor necrosis after chemoembolization to a greater degree than gadolinium-enhanced MRI. Early after treatment with 90 Y, tumors demonstrate a decrease in enhancement and an increase in ADC, without a statistically significant change in tumor size [106] . FDG-PET has also been shown to be of value in the detection of tumor recurrence after LRT [3] . Potential drawbacks that may be encountered when using FDG-PET are false-negative results due to a partial volume effect when dealing with small lesions (51 cm) or due Imaging of hepatocellular carcinoma 541 Figure 14 MR appearances of HCC before and after RF ablation. Before ablation (ad), HCC is iso-to mildly hyperintense on the T2-weighted image (a), hypointense on the T1-weighted image (b), enhances in the arterial phase (c) and washes out in the portal venous phase (d). Post-ablation MRI (eh) after 4 weeks showing a larger heterogeneous hypointensity on the T2-weighted image (e) and mixed hyperintensity on the T1-weighted image (f) representing the ablation zone (white arrows). There is no enhancement in the arterial phase (g) but a thin rim of post-ablation inflammatory enhancement (black arrow) seen in the portal venous phase (h). 
Imaging of hepatocellular carcinoma 543
to diabetes and false-positive results due to abscess formation [3] . Another advantage of using FDG-PET after LRT is that, not only is it useful for ruling out recurrent HCC but it is also useful in ruling in extrahepatic metastases [108] . In addition, Paudyal et al. [109] found that FDG-PET detected recurrence earlier than CT with a higher overall detection rate (92% for FDG-PET compared with 75% for CT).
Summary
Potentially curative treatment is essentially limited to small HCCs. Therefore, ongoing research into the detection and characterization of small lesions is especially important. Dynamic imaging with CT or MRI is the mainstay of diagnosis of HCC. However, when imaging features are inconclusive, several other non-invasive imaging options are available. DWI and hepatocyte-specific MRI contrast agents are increasingly used in routine clinical practice and show great promise in improving imaging diagnosis and assessment of post-treatment outcome. PET/CT as well as MRE and US elastography are emerging techniques, and they may have a more pertinent role in the routine diagnosis of HCC in the near future as diagnostic accuracy of these techniques may improve.
